Experiments on the entrainment of surface sediments around polychaete tubes at natural and manipulated densities were conducted in a recirculating seawater flume. Intact cores with either 0 or 8 Diopatra cuprea tubes per 0.01 m* plus associated assemblages were collected in the field.
Animal tubes have been implicated in both the stabilization and destabilization of seafloor sediments (Rhoads and Young 197 1; Eckman et al. 198 1) . Stabilization by tubes has been suggested by field observations of reduced bed rippling (Featherstone and Risk 19 7 7) and increases in fine-grained sediments and fecal pellets around tubes (Mills 1967; Bailey-Brock 1979) and by the flume experiments of Rhoads et al. (1978) . Destabilization of sediments by animal tubes is indicated by observations of scouring around single tubes (Scoffin 1970; Gage 1977) . Recent flume experiments (Eckman et al. 198 1) have shown that below a certain threshold density, animal tubes may cause sediment destabilization through a sufficiently high transfer of turbulent kinetic energy to the bed. At greater densities such roughness elements reduce the flux of turbulent kinetic energy to the bed via skimming flow.
The importance of biotic factors in affecting sediment stability has long been rec- ' Contribution No. 6 ognized (Ginsberg and Lowenstam 1958; Sanders 1958) . P&cous binding of sediments by bacteria (Webb 1969) , microalgae (Boer 198 l) , meiofauna (Riemann and Schrage 1978) , and macrofauna (Grenon and Walker 1980) may stabilize sediments. Alternatively, surface sediments may be destabilized by the activities of meiofauna (Cullen 1973) and macrofauna (Rhoads 1967 (Rhoads , 1974 and many others) . This destabilization may result from changes in surface microtopography, grain size, and grain exposure as well as through direct sediment .displacement by animals (Jumars and Nowell 1984) .
Sediments around animal tubes (and simulated tubes) can have greater abundances of bacteria (Eckman 1985) , diatoms (Sanders et al. 1962) , meiofauna (Eckman 1983) , and macrofauna (Woodin 1978 ) than surrounding sediments lacking structure. Since the biota associated with tubes can alter sediment stability, the effects of tubes on sediment stability include both the direct hydrodynamic consequences of flow alterations and the indirect effects of biogenic changes.
I report here the results of flume experiments on the stability of natural sediments around a small array of animal tubes. Specifically, I test whether the hydrodynamic effects of tubes alter the erodibility of nat-
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Ural sediments and discuss the impact of the biota on sediment stability around animal tubes.
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Materials and methods
Flume description -All experiments were done in a recirculating seawater flume at the Belle W. Baruch Institute field laboratory near Georgetown, S.C. The Plexiglas channel is 2.5 m long, 35 cm wide, and 15 cm deep. A core with surface area 10 x 10 cm may be placed coplanar with the flume surface at a position 1.5 m downstream from the inflow. A collimator at the inflow served to dissipate large-scale turbulent eddies. Flow was pressure driven by a constanthead tank and regulated with a 5-cm PVC ball valve. An electric pump recirculated water from an outflow tank to the head tank. Flow depth was regulated by an adjustable end plate on the flume. A constant flow depth of 5 cm was maintained throughout, resulting in steady midchannel flows (measured 2 cm below the free surface) between 1 and 30 cm s-l within the flume. Flow Reynolds numbers in the flume experiments, with water depth and midchannel flow speeds as length and velocity scales, rangedfrom0.14 x 104(d=5cmandu= 3 cm s-*) to 1.05 x lo4 (d = 5 and u = 22 cm s-I). Froude numbers in the flume ranged from 0.04 to 0.31 with the same length and velocity scales as above. These values are similar to those observed at the field sites being modeled (see below).
The thickness of the boundary layer (7) at the test section, as calculated by Schlichting's (1968) %th power law, ranged from 4.5 cm at the highest flow velocities used to 5.9 cm at the lowest. The development of this boundary layer was further promoted by using a collimator 30% longer at the flume bed than at the free surface. The boundary layer was thus assumed to extend to, or very near to, the free surface at the test section.
Field site-The intertidal field sites being modeled experience a wide range of flow conditions. Water depth varies from 0 to about 2 m and flow velocities from 0 at slack water to at least 11 cm s-l at 3 cm above the bed. Data on field flow are available from only a limited range of these conditions. Flow velocities were recorded with an electromagnetic current meter (MarshMcBirney model 201), and water depths were measured on three separate occasions. On two of these occasions water depth ranged from 4 to 12 cm. One was a flooding tide on a calm day, the other an ebbing tide on a windy day. Velocities 3 cm above the bed ranged from < 1 to 4 cm s-l on the former and from 6 to 11 cm s-' on the latter. Experimental design -Field-collected cores containing minimally disturbed assemblages of organisms were taken from a low intertidal mudflat in North Inlet estuary (33"19'N, 79"lO'W) (Luckenbach 1984a,b) .
The sediment is fine sand; the upper 1 cm has a median grain size of 148 pm (92.76 4) and is 12% silts and clays (~63 pm) by weight. The tube-building onuphid polychaete Diopatra cuprea (Bose) is a conspicuous member of the community and the only large tube-builder in the assemblage. Cores (0.01 m2) were collected within a erosion threshold resulting from differences lo-m2 area: those with no D. cuprea tubes in field and laboratory flow directions and and those with eight D. cuprea tubes. These from handling. There was no widespread cores were taken back to the laboratory, held erosion during this period, but individual in a seawater table, and used in the flume particles occasionally were transported down within 6 h of collection.
slopes. To assess the hydrodynamic effects of D. cuprea tubes (henceforth simply called tubes) on stability of natural sediments, I used four treatments: Natural tubes, no tubes, tubes removed, and tubes added. The first two were the natural, field-collected cores containing eight and zero tubes per 0.01 m2 core. The tubes removed treatment was prepared from cores containing eight tubes by clipping off the tubes flush with the sediment surface and plugging the resulting holes with wax. In the tubes added treatment fresh D. cuprea tubes (reinforced with an internal glass rod) were implanted into cores initially lacking tubes; the tubes were obtained from an unused core and inserted in their natural spatial arrangement. I was careful to minimize surface disruption; new cores were used for each replicate, and each core was used in only one treatment.
Cores were observed by a steady scanning of the entire core (excluding edges). At the end of the initial 30 min, flow was increased in increments of 0.5 cm s-l until 10 or more particles within a field of view were observed to move (Rhoads et al. 1978) . When movement was noted, the location, type of particle, and shear velocity (u,& (see below) were recorded. Regions of the core where sediment moved were mapped with respect to tube locations, and areas with local relief (mounds, pits, burrows, etc.) were noted. At the initiation of movement of each type of sediment particle, velocities and distances (as described below) were recorded. Three replicate cores were used for each treatment.
The Plexiglas bed of the flume was covered with a layer of medium-grained, noncohesive sand prepared by drying and ashing sand from an intertidal flat; the fraction of this sediment passing through a 2 12-pm screen and retained on a 180~pm screen was used to cover the flume bed. The median grain size of this sand was about 200 pm.
Cores were implanted individually in the flume so that the ebb flow orientation from the field was maintained with respect to the flume current direction, and the flume then slowly filled with water. Cores were observed from above with a binocular microscope mounted on a swing-arm stand; with 25 x magnification, each field of view encompassed 2.14 cm2, and sediment particles > 50 pm could be resolved. During initial filling of the flume, even at very slow rates, a fine flocculent layer was eroded from the surface of all cores, but sand grains, aggregates (defined below), and fecal pellets did not move. A flow of 3 cm s-l was maintained for 30 min to permit adjustments of surface sediment particles to the flow direction and to offset any small differences in To test the effects of tubes on initiation of sediment movement in the absence of sediment differences, I did a second set of experiments. A layer of noncohesive sand, about 200-pm diam (described above), was added to each replicate of the four treatments described above. This layer of sand was thin enough not to obscure surface roughness features caused by macrofauna. The threshold of movement for the noncohesive sand was noted for three replicates of each treatment in flume trials; my intent here was to normalize any surface sediment differences and to compare the effects of flow alterations by the tubes with effects of other surface microtopography on sediment erodibility.
Macrofaunal abundances -After each flume trial with natural sediment, cores were sieved on a 0.5-mm-mesh screen, preserved in 10% Formalin with rose bengal, and the fauna identified.
Surface topography -On the mudflat where cores were collected, photographs were taken of ten randomly selected sites with eight tubes per 0.01 m2 and ten with no tubes per 0.01 m2. Areas of the photographs which clearly showed local relief features were outlined and their percent coverage was estimated with grid overlays. Such areas, which included feeding pits, defecation mounds, and mounds around burrows, extended above or below the surrounding sediments on a scale of millimeters to centimeters.
Sediment analysis-After each flume trial, replicate samples of the upper 2-3 mm of surface sediments were taken from randomly located sites with a 3.5-mm-diam glass tube and refrigerated until analysis. Sediment samples were resuspended by gentle stirring in 0.45~pm-filtered seawater, gravity-filtered onto a 5-pm (nominal pore diam) cellulose filter, and observed immediately under a compound microscope, where the first 100 particles encountered were classified (according to Johnson 1974) , counted, and measured to the nearest 1 pm with an ocular micrometer. Particles <SO-pm diam were not counted as they were too small to have been observed in the flume. The principal categories of particles observed were fecal pellets, sand grains, and aggregates, the last defined as one or more mineral grains bound in an organic matrix, often with very fine particles. I distinguish aggregates from floes which do not have mineral grains >50 pm in diam. The data were not intended to describe the surficial sediments fully, particularly since finegrained particles were not counted; they describe those types of particles observed to move in the flume and serve as a relative measure of sediment grain size and composition in different treatments.
Specific weight values for sand grains and aggregates were calculated from settling velocities with Stoke's Law and appropriate Corey shape factors (Middleton and Southard 1978) . Settling velocities were obtained in a thermally insulated settling tube filled with 0.45~pm-filtered seawater. Settling velocities used for calculations of specific weight were means of measurements for 15 particles. 
Results
Macrofaunal abundances were greater in cores which originally contained tubes (natural tubes and tubes removed) than in those which did not (tubes added and no tubes) (P < 0.0 1, ANOVA and Scheffe a posteriori multiple contrast test, Table 1 moved treatments and only 7 indiv. 0.01 m-2 in the tubes added and no tubes treatments (Table 1) . The sediment surface in areas with tubes was characterized by local relief features several millimeters to centimeters above or below the rest of the bed. Slopes resulting from the mounds, pits, and burrows of macrofauna were clearly visible in the field photographs and in the flume cores. The coverage of the sediment surface by these large, obvious slopes was 37.0% (SD = 26.2) in sites with tubes and 0.5% (SD = 3.1) in sites without tubes (P < 0.005, Student's t-test).
Median grain size of the surface sediment (19 1 pm in natural tubes and tubes removed treatments, 216 pm in tubes added and no tubes treatments) did not differ significantly (P > 0.1, Student's t-test) between treatments originally with and without tubes. Since sediment particles ~50 pm were not measured, these values do not represent median grain size of the entire sediment. Sediment composition varied with treatment ( Fig. 1) . Free, unbound sand comprised 56.8% of surface sediments in the no tubes and tubes added treatments, while 59% of surface sediment particles in the natural tubes and tubes removed treatments were bound up in aggregates (Fig. 1) . Fecal pellets comprised roughly equal proportions, per area, of all treatments. Physical characteristics for unbound sand grains and aggregates are given in Table 2 . Aggregates were larger, had slower settling velocity, greater drag coefficient, and lower specific weight than free sediment.
Because aggregates and unbound sand grains could not be distinguished during the flume trials, their erosion threshold values are not reported, nor are thresholds for fecal pellets and floes, which occurred at different flow levels. Transport of sediment in the natural tubes and tubes removed treatments occurred largely on slopes. Macrofauna occasionally affected the onset of sediment movement by their feeding, burrowing, or defecating activities; such direct organisminduced movement is also not included.
Sediments around natural D. cuprea tubes were less stable than those in sites naturally lacking tubes (natural tubes vs. no tubes in Fig. 2 ). Mean critical erosion velocity, u*cri,Cupstrj, was 46% lower for the natural tubes treatment than for the no tubes treatment. Worm tubes, however, had no sig- nificant direct effect on the erodibility of natural sediments; erosion thresholds did not change with the removal or addition of tubes (Fig. 2) . u*Pcrit(upstrj was significantly lower in the natural tubes and tubes removed cores than in the no tubes and tubes added treatments.
Initial movement of introduced, noncohesive sediment showed the same trend with respect to tubes, but the magnitude and significance of the differences changed (Fig. 3) . Values of u *,-rit(upstr) were significantly different only between the natural tubes (1.36 cm s-l) and no tubes (1.59 cm s-') treatments.
Discussion
Biogenic effects on sediment stability can result from modification of near-bed flow by structures, changes in grain exposure, mucous adhesion, and direct movement of particles by organisms (Jumars and Nowell 1984) . I did not include this last effect here, but each of the other factors may have affected erosion thresholds.
The purely hydrodynamic consequence of the worm tube density that I used (4.0% of the plan area) should be sediment destabilization (Eckman et al. 198 l) , although mine are the first data for these densities and diameters. The 46% reduction in critical erosion velocity of sediments around natural tubes from that of sediments with no tubes seems consistent with this hypothesis, but the removal and addition of tubes did not affect the entrainment of sediments (Fig. 2) . These results indicate that factors other than flow perturbations by the tubes account for the observed destabilization of sediments around natural D. cuprea tubes.
Alternative explanations include differences in surface topography, in the size or composition of surface sediments, and in adhesive and cohesive binding of sediments between the treatments. Surface topography features may alter entrainment thresholds by affecting near-bed flow through increasing the roughness height parameter (2,) and enhancing shear stress or by affecting the angle of repose (and other aspects of exposure) of sediment particles, thereby decreasing threshold values. Cores which initially contained tubes (and hence more macrofauna) clearly had greater surface roughness than those initially lacking tubes. The addition of the thin layer of noncohesive sand to each of these treatments was designed to eliminate sediment and mucous binding differences and permit comparison of tube and surface topography effects on erosion. This procedure did not necessarily remove all effects of mucous adhesion, since variations in the stickiness of the natural surface may have affected the movement of the sand grains; however the results of the experiment with noncohesive sand (Fig. 3) indicate that surface features alone did not account for the reduced erosion thresholds in natural tube areas. This implies that differences in the size, composition, or mucous binding of sediment between natural cores with and without tubes (natural tubes and tubes removed vs. tubes added and no tubes) are in part responsible for the variation in entrainment velocities. 
Modification
of sediment size and composition by organisms, through alterations of grain size distribution (Rhoads and Stanley 1964; Gordon 1966) , pelletization (Risk and Moffat 1977) , and aggregate formation (Rhoads et al. 1978 ) may alter sediment stability. Median grain size of sand and degree of pclletization in the surface 2-3 mm did not differ significantly between my treatments. Aggregates, however, comprised a greater proportion of sediments in sites around natural tubes (natural tubes and tubes removed) than in sites initially lacking tubes (tubes added and no tubes) (Fig. 1) . Aggregates have greater ratios of surface area to weight, project farther above the bed, and are more easily eroded than free sand grains (Rhoads et al. 1978) . I suggest that when surface sediments, normally stabilized by mucous adhesion, are disrupted by the activities of macrofauna or meiofauna, the dislodged aggregates are more susceptible to erosion than are unbound sediments. This is counter to the belief that mucus binding invariably results in sediment stabilization, but my data on the composition of surface sediments (Fig. l) , particle characteristics (Table 2) , and erosion thresholds (Fig. 2) suggest that aggregate binding (with loose attachment to the underlying bed) may facilitate net transport of sediments under some circumstances.
The net effect of macrofauna appears to have been destabilization of sediments. As pointed out by Jumars and Nowell (1984) In light of these results I propose the following combination of factors affecting the stability of sediments. First, natural sediments (in the absence of tubes) from this field site are biologically stabilized as a result of mucus production by microbes or benthic diatoms. Second, increased densities of macrofauna around tubes of D. cuprearesulting from a refuge from predators (Woodin 1978; Luckenbach 1984b ) and perhaps larval accumulation (Eckman 198 3) -alter sediment surface features, affect the packaging of sediments, and disrupt surface microbial and algal coverage. Third, some combination of these activities then serves to destabilize the surface sediments around D. cuprea tubes. Thus, the destabilization of sediments around natural D. cuprea, under these conditions, is not a direct hydrodynamic effect of the tubes, but an indirect, biotically mediated effect.
Flow conditions in the flume cover only a narrow range of those found at intertidal sites. Water depth and flow velocity are similar to those in the field, but the highest velocities used in the flume exceeded those observed at low water (4-12 cm). Flow Reynolds numbers and Froude numbers in the flume are within the range of those in the field. For how long the water depth and velocity values used here prevail in the field and for how long the u* values in the field are similar to those in the flume experiments are not accurately known. Water depth at the site is comparable to that in the flume (5 cm) for only a small portion of each tidal cycle, and velocities comparable to the highest ones in the flume may be approached at these shallow depths only under windy conditions. Field u* values were not determined but observations of the transport of dyed sediments (unpubl. data) suggest that erosion thresholds for mediumgrained, noncohesive sediments are regularly exceeded at these sites. However, before my results can be extrapolated to sediment destabilization in the field, it is necessary to determine how often imposed u* values range between 0.5 and 1 cm s-* -the range which eroded natural sediments around tubes in this experiment. Seasonal variations in mucus binding and bioturbation must also be known to evaluate their importance in the field.
The ratio of flow depth (D) to tube height (z,) is an important scaling parameter which may affect flow through the array (e.g. Eckman 1983). In the flume experiments D/z, = 1.6, while in the field sites being modeled this value varies from 0 to > 67. The low value of D/z, may have constrained the flow by reducing the opportunity for skimming flow, resulting in a relatively greater momentum flux through the array and confining the turbulent kinetic energy generated by the tubes to a region close to the bed. The important point here is whether low values of D/z, reduce the effect of tubes on erosion thresholds. Since the presence of tubes did not directly alter erosion thresholds (Fig. 2) , a bias in the opposite direction (i.e. increased effects of tubes at low values of this ratio) would merely make the conclusion of no tube effects a more conservative one. A physical basis for reduced tube effects at low D/z, values is not readily apparent. I suggest, therefore, that my findings may be applicable to a wide range of ratios of water depth to tube height.
Sediment stability around animal tubes is a function of tube density, mucus binding, and bioturbation.
The importance of each of these factors is likely to vary both spatially and temporally with changes in flow patterns, microbial and algal growth rates, and faunal abundances and activity rates. I found hydrodynamic effects of tubes to be small relative to other biotically mediated effects on sediment stability. The presence of tubes, however, indirectly affects sediment stability by enhancing macrofaunal abundances and perhaps altering microbial growth.
